We demonstrate sensitive high-resolution stimulated Raman measurements of hydrogen using a hollow-core photonic crystal fiber (HC-PCF). The Raman transition is pumped by a narrow linewidth (< 50 kHz) 1064 nm continuous-wave (CW) fiber laser. The probe light is produced by a homebuilt CW optical parametric oscillator (OPO), tunable from around 800 nm to 1300 nm (linewidth ∼ 5 MHz). These narrow linewidth lasers allow for an excellent spectral resolution of approximately 10 −4 cm −1 . The setup employs a differential measurement technique for noise rejection in the probe beam, which also eliminates background signals from the fiber. With the high sensitivity obtained, Raman signals were observed with only a few mW of optical power in both the pump and probe beams. This demonstration allows for high resolution Raman identification of molecules and quantification of Raman signal strengths. 
Introduction
With applications in physical, chemical, biological sciences and in a number of different industrial areas [1] [2] [3] there is growing demand for versatile and highly sensitive optical spectroscopy and microscopy tools. For this, Raman spectroscopy is a popular solution. Raman spectroscopy is based on molecular transitions between motional states and allows identification of molecules and materials [4] . Molecular vibrations reflect the molecular structure and are therefore used as a spectroscopic fingerprint for detection, identification, and imaging of a multitude of different molecules [5, 6] . Traditionally, the Raman scattered (Stokes) signal has been obtained via a spontaneous process requiring high optical intensity in the pump laser beam, based on possibly expensive pulsed laser sources which require elaborate techniques for hyperspectral (i.e. multiple molecules) detections. Recently, more focus has been given to a different approach were the Raman transition is stimulated coherently using two lasers with different frequencies, with the frequency difference between the two lasers corresponding to the energy difference in the Raman transition involved [4] . Stimulating the transition in this way instead of relying on a spontaneous process gives orders of magnitude larger signal [7] and makes it possible to observe the Raman signal with CW lasers with moderate optical power in the sub-watt range, which otherwise for spontaneous excitation would require Watt levels of CW power in the best case [8, 9] . In further pursuit of higher Raman signal-to-noise ratio, efforts have been made to contain molecules inside a hollow-core fiber [10] [11] [12] . This ensures high intensity over a long interaction length between the light and the molecules. It has been shown that hollow-core photonic crystal fibers (HC-PCFs) are very efficient for enhancing the Raman signals for both spontaneous and stimulated Raman transitions [13, 14] . For stimulated Raman spectroscopy two lasers are used. When the frequency difference between the two lasers matches that of an allowed Raman transition, the pump laser (typically the high frequency laser) will be depleted, while the probe laser (typically the low frequency laser) will experience a gain in intensity. This can be seen from the following expression for the change induced in the optical probe power (δ P(ν probe )) [14, 15] ,
where N is the population difference between upper and lower molecular states,
is the spectrally resolved differential Raman scattering cross section and P(ν pump ) P(ν probe ) is the optical power of the pump (probe) beam. Equation (1) shows that the change in the optical probe power is proportional to the product of the pump and probe powers P(ν pump )P(ν probe ) and proportional to the number of molecules through the population difference N under constant thermal conditions. The measurements presented here confirm this functional dependence experimentally.
In this work, measurements are performed on the S 0 (1) transition of ortho-hydrogen at 588 cm −1 , which is the most intense rotational line at room temperature for lower wavenumbers. We demonstrate a setup with stimulated Raman spectroscopy (SRS) inside a hydrogen filled hollow-core fiber using two narrow linewidth CW lasers; a Koheras BoostiK fiber laser at 1064 nm (linewidth < 50 kHz) and a homebuilt OPO at 1135 nm (linewidth ∼ 5 MHz). Using these two narrow linewidth lasers ensures that spectral features in principle can be measured with a very high instrumental resolution of around 5 MHz corresponding to 1.6 × 10 −4 cm −1 . However, in our regime the actual width of the Raman transition will be limited by other effects such as Doppler broadening, wall collisions or transitiontime broadening, and pressure broadening. The signal-to-noise ratio (SNR) is enhanced by using modulation detection such as shown in [14] . In this work, the 1064 nm pump laser is frequency modulated and this modulation is transferred to the probe laser via the Raman transition and demodulated with a lock-in amplifier giving the Raman signal. However, compared to [14] we have further improved the setup by employing differential measurement detection of the probe laser, while suppressing the pump laser. With this technique any classical noise in the probe beam can be rejected [16] , thus enhancing the SNR of the Raman signals. This setup ensures a high SNR and has allowed us to quantify the contributing parameters (optical power and pressure) with high precision.
Experimental setup
An overview of the experimental setup is shown in Fig. 1 . The probe light at 1135 nm is generated using an OPO with a 20 mm long PPKTP crystal pumped at 532 nm by a Verdi V10 laser. The OPO cavity is 55 mm long, linear, and consists of two concave mirrors M 1,2 with ROC = 50 mm, where M 1 reflects 30% and 95% of the incident power for 532 nm and 1135 nm, respectively, while M 2 reflects 99.9% of the power for both 532 nm and 1135 nm. The OPO has a linewidth at 1135 nm of ∼ 5 MHz and the threshold pump power was measured to be 25 mW. The OPO can be tuned in the wavelength range from approximately 800 nm to 1300 nm [17] by tuning the temperature of the PPKTP crystal and can provide 10-15 mW of optical power at 1135 nm. An optical spectrum analyzer is used for monitoring the wavelength of the OPO. This is especially important here since thermal heating of the crystal can change the wavelength. The OPO cavity is locked to the Verdi laser frequency using the tilt locking technique [18] (not shown in Fig. 1 ). The probe light is combined on a dichroic mirror with the pump light at 1064 nm. The 1064 nm fiber pump laser has a linewidth of < 50 kHz and can be tuned approximately 0.9 nm by changing the temperature of the laser. Using these narrow linewidth lasers we have the capability of performing measurements with extremely high spectral resolution on the Raman transitions and in principle the setup is able to resolve features down to around 5 MHz (or 1.6 × 10 −4 cm −1 ). After combining the probe and pump beams on the dichroic mirror, the light is split into two arms where one beam is coupled through a HC-PCF and the other beam is used as the reference for the differential measurement. The HC-PCF is a 4.5 m long piece of custom made fiber from NKT Photonics. The fiber shares most characteristics with the standard HC-1060-02 fiber [19] , such as structure, hole diameter of 10 µm, polarization properties, expect that the transmission window for this fiber was extended to 940-1170 nm. The fiber is filled with hydrogen gas at variable pressures up to about 1 atm. We use special in-house developed ferrules that allow for a compact solution for both coupling of the light and gas filling into the fiber in the same device. The HC-PCF is inserted in the back of the ferrule and the gap is sealed with vacuum grease. The ferrules have a lens glued to the front face for optical coupling and a glass tube attached to the side for gas filling. The best coupling efficiency into the HC-PCF using these ferrules was approximately 40% for both probe and pump beams.
Noise rejection and enhancement of SNR
The pump laser (1064 nm) is frequency modulated at 17.32 kHz which is close to the highest possible frequency for this laser. This modulation is imprinted onto the wavelength of the probe laser (1135 nm) inside the HC-PCF only if the Raman transition takes place. The 1064 nm light is blocked by a factor of more than 10 4 by filters placed in front the differential detector, and only the probe light (1135 nm) reaches the two photo diodes of the differential detector. The signals from the photo diodes are electronically subtracted before being de-modulated at 17.32 kHz using a lock-in amplifier and sampled using a 12 bit oscilloscope. The differential detection ensures that common mode noise in the probe is rejected by subtracting the signal from the beam passing through the HC-PCF and the signal from the reference beam in an interferometerlike configuration, followed by demodulation of the signal at the pump modulation frequency. This results in a low-noise signal that will be detected only when the Raman transition occurs. We use a very short integration time of 30 ms for the lock-in amplifier in order to have the SNR of the Raman signal without too much averaging. The differential detector subtracts the DC power of the probe to avoid saturation of the lock-in amplifier, and any background signal from spontaneous Raman scattering of the pump light from silica in the fibre, which could otherwise be problematic [3] , only leaves a small constant offset in the lock-in signal which can be subtracted in post-processing. Figure 2 shows the effect of the differential detection scheme. The pump laser frequency was scanned off-resonance and at one point the reference arm was blocked to demonstrate the increase in noise. This would be the normal level of noise without the differential detection scheme. We find that the standard deviation of the lock-in signal is 0.025 V and 0.28 V in the case of differential detection and blocked reference arm (without differential detection), respectively. The differential scheme thus reduces the noise of the detected signal by a factor of 10 (∼ 20 dB). Note that in order to make these measurements the OPO was allowed to run freely (i.e., the cavity was not locked to the 532 nm laser), only with thermal self-locking and therefore the intensity noise is relatively high. This can clearly be seen by comparing the blue curve in Fig. 2 and the blue curve in Fig. 3 , where the OPO cavity was more tightly locked. Figure 3 shows a scan over the Raman transition that also demonstrates the reduction in noise from the different stages in the detection system, as detailed in the following. The OPO is locked to the 532 nm light and the output signal (blue curve) shows a photo diode signal of the optical power of the probe laser. The power transmitted through the HC-PCF was about 1.8 mW. The small dips in the signal (at detunings of around 350 − 550 MHz) are due to mode jumps of the OPO frequency. These occur with varying intervals due to thermal effects in the OPO cavity, and can be reduced or eliminated with a different choice of cavity mirrors, which on the other hand would increase the lasing threshold of the OPO and also increase the linewidth. The effect of these mode jumps are still visible in the difference signal (red curve, amplified by a factor 20), but less dominant compared to the noise level of the signal. Finally, the de-modulated lock-in signal (black curve) produces the dispersion quadrature of the Raman transition. The off-resonant noise is reduced by a large factor, resulting in a SNR of 1574. The mode-jumps are still the dominant source of noise, but they do not disturb the resonance profile significantly. Note that the SNR at this point is limited by the electrical noise of the optical detector, and the achievable SNR can be much higher. Nonetheless, the SNR indicates that Raman signals can be detected with this setup using only a few (mW) 2 in the power product between the pump and probe beams at the pressure indicated. On the other hand, keeping the power product constant the SNR also indicates that we can measure Raman signals at very low pressures, down to 1-2 hPa. This scaling of the Raman signal with the power product (mW) 2 and pressure will be addressed in the next section.
Quantitative results
With the sensitive detection system at hand, we have made a quantitative analysis of the system's parameters and tested the linearity of our system. The stimulated Raman signal scales with the product of the pump and probe power (see Eq. (1)), and thus scales linearly with pump power if the probe power is held constant. In Fig. 4 we show scans over the Raman transition with varying optical power of the pump laser. As expected, the signal amplitude scales linearly with pump power and we are able to see clear spectral features down to a few (mW) 2 of power in the product between the pump and probe beams, specifically we have observed the Raman signal with 1.1 mW probe power and 2.1 mW pump power. Since the Raman signals scale directly with the product of the pump and probe optical powers (see Eq. (1)) we can increase the SNR simply by increasing the optical power in either the pump or probe or both. However, one has to consider the damage threshold of the fiber and nonlinear effects that might occur at very high optical powers. Figure 5 shows the scaling of the SNR with pressure inside the HC-PCF. We have estimated the filling time of the fiber from empty to ambient pressure to around a few hours using the Knudsens equation [20] . This takes into account the increase in filling speed by filling the fiber from both ends. After changing the pressure we wait for at least 4 hours before conducting new measurements. The data presented in Fig. 5 have been normalized to a given optical power in the pump and probe beams for each measurement and all the data are scaled to the same typical powers for comparison. A linear fit to the data gives a slope in the SNR of (1.24 ± 0.04)/hPa, and it would thus be possible to detect the H 2 Raman transition at pressures down to a few hPa with the optical power levels in the current system. Additionally, from measurements at six different pressures ranging from 128 hPa to 1054 hPa we find the FWHM linewidth of the Raman transition to be (81.2 ± 1.9) MHz, where the value is the average of the individual measurements weighted with their inverse uncertainty and the error bar is the standard deviation of this average. The linewidth does not show any pressure dependence over the whole pressure range within the error bars of the individual measurements. This could be attributed to different effects such as collisional narrowing, pressure and wall broadening [21, 22] . Compared to previous results [23] however, the lack of pressure dependence is quite surprising and is something we are currently investigating. The obtainable signal-to-noise ratio as a function of H 2 pressure inside the HC-PCF with typical parameters for the pump power (P 1064 = 300 mW) and the probe power (P 1135 = 1 mW). The red line is a linear fit to data with the intercept set to zero.
Conclusion
We have demonstrated the use of differential detection resulting in superior sensitivity of CW stimulated Raman scattering with high spectral resolution from hydrogen gas inside a hollowcore fiber. It was demonstrated that for a few hundred mW of pump power the SNR was approximately 1600, which currently is limited by the electronic noise of the detection system. We found that the differential scheme reduces the noise of the detected signal by a factor of 10 (20 dB). We have characterized our differential detector and found that the electronic subtraction delivers at least 25 dBs of classical noise suppression. When the optical power is increased to more than about 12 mW in each detector, the differential noise suppression starts to saturate and any classical noise present in the light will start to contribute to the overall noise level. Up to a probe power of 12 mW the detector thus removes classical noise from the probe, and we would therefore gain at least a factor of 6 in the SNR, if the probe power was increased from the current ∼ 1.8 mW to 12 mW. Furthermore, an additional factor of 10 in SNR can be gained by increasing the pump power to 2-3 W without any damage to the fiber [8] .
The system presented here is in principle able to measure Raman transitions with only a few (mW) 2 of power product between the pump and probe beams at ambient pressure. For a power product of 300 (mW) 2 Raman signals can be measured at pressures down to a few hPa. Furthermore, by using these very narrow lasers we can in principle resolve features of Raman transitions down to around 5 MHz or 1.6 × 10 −4 cm −1 . This high resolution allowed an ultraprecise measurement of the hydrogen S 0 (1) Raman transition linewidth of (81.2 ± 1.9) MHz. Future work will involve an investigation of the dependence of the Raman transition linewidth on pressure down to a few hPa.
The presented setup is not limited to hydrogen or the specific energy range examined here since the OPO is tunable from around 800 nm to 1300 nm. This makes the system very useful for the measurements of multiple Raman transitions since the high resolution allows to easily distinguish between different Raman peaks. We believe that the SNR can be further enhanced by improving the OPO power stability and increasing the optical power, and by using an optical detector with lower electrical noise.
